We present results of single crystal neutron diffraction experiments on the rare-earth, half-Heusler antiferromagnet (AFM) NdBiPt. This compound exhibits an AFM phase transition at TN = 2.18 K with an ordered moment of 1.78(9) µB per Nd atom. The magnetic moments are aligned along the [001]-direction, arranged in a type-I AFM structure with ferromagnetic planes, alternating antiferromagnetically along a propagation vector τ of (100). The RBiPt (R= Ce-Lu) family of materials has been proposed as candidates of a new family of antiferromagnetic topological insulators (AFTI) with magnetic space group that corresponds to a type-II AFM structure where ferromagnetic sheets are stacked along the space diagonal. The resolved structure makes it unlikely, that NdBiPt qualifies as an AFTI.
I. INTRODUCTION
A usual concept in physics is the occurrence of some form of symmetry breaking at phase transitions between different states of matter. In 1980, Klaus von Klitzing widened that concept by describing a new quantum state of matter which does not follow this pattern, but shed light on a new family of materials, only characterized by their Hilbert-space topology. In this new state of matter, the bulk of a two-dimensional sample stays insulating, whereas along its edges a unidirectional current is circulating, giving rise to the quantum Hall effect in a two-dimensional electron gas (2DEG). Inspired by the mathematical field of topology, the quantized conductivity of such a material can be associated with a topological invariant. In mathematics, such an invariant describes a property of a topology that remains unchanged under homeomorphisms. For example, the number of holes in a two dimensional manifold can not be changed by stretching it.
In solid-state physics, we can adapt this concept of smooth deformations to the topology of the Hilbert space, which describes the band structure of an insulator. As long as these transformations are adiabatic, the topological invariant will not change, and, therefore, the band gap at the Fermi level of the material remains unaffected. While the quantum Hall state in a 2DEG requires an applied magnetic field, in the case of a Hg/CdTe quantum well, strong spin-orbit coupling acts as an effective field.
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If the well is thinner than a critical value d c , it behaves like a conventional insulator. For d QW > d c the topological invariant changes and a single pair of helical edge stages that form a Kramers pair, counter propagate on the same edge. In consequence, the magneto-transport in such quantum well shows steps. Spin-orbit coupling is also at the origin of topological insulators in three dimension.
3-5 Experimentally, spin and angle resolved photoemission spectroscopy on bismuth doped with antimony showed the presence of metallic surface states, as well as a spin texture. 6 At the same time, ab initio calculations predict a small gap in the electronic spectrum for the bulk of this material. 7 .
Recently, theorists have brought forward several propositions suggesting, that half-Heusler compounds, showing antiferromagnetic order, could host a new class of topological insulators. Mong et al., 8 described a new symmetry class, where both time-reversal and lattice translational symmetry of an antiferromagnet are broken, yet their product is preserved, resulting in a new antiferromagnetic topological insulator (AFTI) phase. The broken time-reversal symmetry of AFTI is what distinguishes them from conventional topological insulators, where the time reversal symmetry has to be present for the surface states to occur, which forbids magnetic order. Described in their paper as model B, 8 the orientation of the magnetic moment can introduce a net magnetization between intermediate non-magnetic sites creating an Aharonov-Bohm-like flux which acts as Rashba spin-orbit coupling, resulting in a non-trivial topological phase.
Heusler and the derivative half-Heusler materials can be characterized as semi-metals displaying insulating or semi-metallic behaviour in electrical transport measurements. This behaviour agrees with band-structure calculations, which for many of these compounds show a single band crossing the Fermi surface, which lead to the proposition that conventional topological insulators can be found in this class of compounds.
5,9-11 RBiPt materials, where R is a rare earth, discovered in 1991, 12 display a whole set of emergent behaviours ranging from a massive electron state in YbBiPt, 13 to superconductivity without inversion symmetry in LaBiPt, 14 LuBiPt, 15 , and YBiPt, [16] [17] [18] to CeBiPt which shows a magnetic field induced change of the Fermi surface. 19 This also prompted investigations of the RBiPd 20 versions which led to the discovery of superconducting LuBiPd, which shows an anomaly in the electronic specific heat at the superconducting transition, and weak anti-localisation in the magnetic field dependence of the electrical resistivity, which is characteristic for 2D conduction.
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Angle-resolved photoemission experiments (ARPES) on Lu, Dy, and GdBiPt have shown indications of metallic surface states that differ from the bulk band structure. Liu et al., 22 found that within their resolution an even number of bands cross at the chemical potential, making surface states vulnerable to non-magnetic backscattering and these materials should therefore not be qualified as strong topological insulators. An inelastic X-ray 23 as well as a powder neutron diffraction experiment 24 on GdBiPt indicate a doubling of the unit cell along its space diagonal with the moments arranged in ferromagnetic sheets 24 , normal to the [111] direction, leading to a path asymmetry for plane hopping between non-magnetic sites, as proposed by Mong et al., and therefore making this material a strong candidate for the AFTI phase.
This has prompted us to carry out single-crystal neutron and X-ray diffraction experiments, to determine the magnetic structure of NdBiPt, as its crystalline structure has all the necessary symmetries for being an AFTI.
II. SAMPLES AND EXPERIMENT
NdBiPt was grown using Bi flux. Nd, Bi, and Pt of high purity where placed in a ceramic crucible in the ratio 1:15:1 which was then sealed in a quartz ampoule under argon atmosphere. The melt was kept at 1200
• C for two days and then cooled down to 550
• C over a week, after which the ampoules where taken out of the furnace and centrifuged to separate the flux from the crystals.
Magnetic measurements where taken between 1.8 and 300 K in an applied field of 0.1 T using a Quantum Design VSM SQUID magnetometer. Resistivity was measured in the same temperature range with a Quantum Design PPMS. The specific heat C p was measured in a 3 He insert PPMS using a standard puck but purpose-built electronics.
Single-crystal X-ray diffraction data were collected at 150 K on a Bruker D8 VENTURE diffractometer with a CMOS PHOTON 100 detector and a liquid-metal jet X-ray source using Ga radiation (λ = 1.3414Å). The data set was collected using a combination of ω and φ scans with a step size of 1
• , and 1 s exposure per frame. Data collection and unit-cell lattice parameters determination were performed with the APEX2 suite.
25 Final lattice-parameter values and integrated intensities were obtained using SAINT software, and a multi-scan absorption correction was applied with SADABS. 26 The structure was refined with SHELXL version 2014/3.
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For the single-crystal neutron-diffraction experiment we co-aligned three crystals of the size of the order 2 × 1 × 1 mm 3 on an aluminum plate. We oriented our crystals to be able to scan the (hhl) scattering plane given the extinction rules of the NdBiPt crystalline structure. Also, this scattering geometry allows us to distinguish between the type-I AFM order, seen in the isostructural CeBiPt 28 and type-II AFM order, as proposed by Mong et al., in Ref. [8] and observed in GdBiPt.
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The experiment was carried out on the C5 triple-axis spectrometer at the Canadian Neutron Beam Centre in Chalk River. A vertically focusing pyrolytic graphite (PG) (002) monochromator and a flat PG(002) analyzer crystal were used with a fixed final neutron energy of E f = 14.56 meV, with no collimation, and collimations of 0.8
• , 0.85 • , and 2.4
• . Two PG filters were placed in the diffracted beam after the sample to eliminate higherorder wavelength contamination of the beam. The sample was sealed under helium gas in an aluminium can and mounted in a close-cycle 3 He heliox displex cryostat that allowed cooling the sample down to 0.3 K.
III. RESULTS AND ANALYSIS

A. X-ray diffraction
NdBiPt crystallizes in the cubic Half-Heusler crystal structure with the space group F43m.
12 This structure consists of four interpenetrating fcc lattices shifted by [ In a non-centrosymmetric structure, anomalous Xray scattering leads to different intensities for so-called Friedel pairs, such as (hkl) and (hkl). The refinement confirmed the original structure (see Fig. 1 of the SOM), resulting in R1 value of 0.0582, where R1 is the difference between the experimental observed squares of the structure factors for all observed peaks, and the respective calculated values. Also the Flack parameter for the orig-inal structure is 0.28(3), which is the absolute structure factor. This is in contrast to a R1 value of 0.0800 and Flack parameter of 0.72(4) for the inverted structure, as listed in Tab. II of the SOM. Please note that a Flack parameter should be close to 0 for a correct structure and close to 1 for an inverted structure. NdBiPt is a semi-metal with a very low carrier density, and a high carrier mobility. 29 For the temperature range 50 to 300 K, the magnetic susceptibility χ = M H measured in an applied field of 0.1 T shows a Curie-Weiss behaviour with a Curie-Weiss temperature Θ W of -23 K (see Fig. 1 ), and an effective magnetic moment µ eff of 3.73 µ B consistent with the theoretical value of 3.62 µ B for a free Nd 3+ ion. The inset of Fig.1 shows χ(T ) in the temperature range between 1.8 and 2.4 K, where the main features are a maximum at 2.2 K and a subsequent point of inflection at 2.18 K, confirming antiferromagnetic order with a Néel temperature T N of 2.18 K.
30 All three measurements: Specific heat C p (see Fig. 5 ), electrical resistivity ∂ρ/∂T (not shown), as well as the magnetic susceptibility ∂(T χ)/∂T (inset of Fig. 1) show a discontinuity at the same critical temperature T N , giving evidence for the high quality of our samples.
C. Neutron diffraction
Neutron-diffraction data was collected between 0.3 and 5 K. We used a linear fit for the background. Our measurements show slight twinning due to a small misalignment of the three crystals of about one degree, as can be seen in the peak shape in Fig. 2 . To correct for the twinning the peaks were fitted with a double Gaussian:
where B corrects for an imperfect background subtraction. A is the amplitude and x 0 denotes the centre position of the dominant peak. The parameter s represents the full width at half maximum (FWHM), R is the ratio in intensity of the two peaks and ∆ represents the distance between the two peak centres along x. All the observed magnetic peaks could be indexed as integer fractions of the nuclear peaks which is evidence for a commensurate magnetic structure (see Fig. 2(a) ). For spins located on a fcc lattice, only four types of commensurate antiferromagnetic order are possible. 31 To determine the direction of the magnetic moment, we compare the intensities of the (110) peak with those of the (001) peak. The intensities observed at these two Bragg spots indicate that the magnetic moment is aligned parallel to the momentum of the incoming neutron beam, along the [001]-direction, as shown in the inset of Fig. 2(a) . Due to the cubic structure of the crystal, the magnetic moment can point along any of the six edges of the cube. Along four of these edges the form factor cancels, leaving only the [001] direction. Therefore, we can conclude that the magnetic moment of the Nd 3+ ion points normal to the {100} family of planes forming domains of orientations, where the moment lies along the directions [100], or the equivalent [010], and [001] planes (inset of Fig. 2(a) ). This results in ferromagnetic ordered planes with alternating spin direction along the propagation vector τ = (100), similar to what previously has been observed in the isostructural compound CeBiPt. 28 However, the magnetic order required for the AFTI phase has to have a magnetic-moment component that lies in the Nd-plane of the structure, as this would add a net magnetic field which has to be accounted for in the spin-orbit Hamiltonian with an additional Aharonov-Bohm phase that is proportional to the in-plane magnetization. 8 We find that the moments in NdBiPt are aligned perpendicular to the Nd layer, resulting in a zero net in-plane magnetization, and, therefore, the magnetic order has no impact on the strength of the spin-orbit interaction, as the spins on two neighbouring Nd-atoms always cancel each other. We, therfore, conclude that NdBiPt does not qualify as representative of the S-symmetry class as described in the article of Mong et al. 8 . We also performed a single crystal refinement of the integrated peak intensities using the FullProf suite.
32 A representational analysis using BasIreps for the space group F43m with a propagation vector τ of (001) of this type-I AFM structure, i.e the decomposition of the magnetic representation in terms of non-zero irreducible representations of all the symmetry groups that leave τ invariant into the so-called little groups. This analysis results in two sets of basis functions which are listed in Tab. I.
The refinement of nuclear peaks followed by the magnetic refinement results in a magnetic moment of 1.78(8) µ B with an RF factor of 11.5, where the RF factor is the difference between the observed structure factors and the square root of the calculated structure factors. The difference between the two representations is illustrated in Fig. 3(b) . It can be seen, that the (221) peak shows a higher intensity than the (112) peak in agreement with the experimentally observed intensities, as expected for the magnetic structure presented in the inset of Fig. 2(a) . The value for the magnetic moment which we obtain from our refinement is considerably lower than the value of 3.8 µ B obtained from Curie-Weiss analysis of the high temperature susceptibility data. This reduction can be accounted for by crystalline electric field effects (CEF, see Sec. IV). Sphere of Reflection We did observe a small magnetic signal at the (001) position below the critical temperature, as shown in Fig. 2(b) . We can exclude higher harmonics of the fundamental wavelength as the source of this signal due to the presence of PG filters. This led us to the conclusion that the observed intensity must result from second scattering: The incoming beam is first diffracted by the nuclear [111] plane, as schematically shown in Fig. 3(a) . The diffracted beam does now allow for a small magnetic intensity at the same position, which would correspond to a (001) magnetic reflection of the primary beam.
An estimate of the strength of a (001) magnetic peak due to secondary scattering can be obtained by using the outgoing flux from the (111) nuclear peak, as the incident beam that causes the (001) reflection. This estimate results in an integrated intensity I calc (001) = 1.1 · I obs (001) , which is only slightly higher than the observed one, thus substantiating our conjecture. Fig. 4(a) shows the temperature dependence of the integrated intensity of the (110) magnetic peak as we cross the transition temperature. To obtain the Néel temperature of T N = 2.177 ± 0.005 K, the data was fitted to the scaling law in the temperature range between 1.6 K and 2.3 K (see Fig. 4(a) :
yielding a critical exponent of β = 0.370 ± 0.003, which is close to the value of β = 0.369(2) expected for a three dimensional Heisenberg antiferromagnet. 34 Figure 4 (b) shows the temperature dependence of the Gaussian peak width along the (110) direction, which is proportional to the average inverse correlation length 1/ξ. One can see that ξ diverges, as we cross the transition temperature, indicating long-range magnetic order. vs. T . The solid line is the best fit of a Schottky anomaly by using all possible energy eigenvalue configurations obtained by solving the CEF Hamiltonian. The dotted line shows the temperature dependence of the magnetic entropy Smag, which displays a plateau at R ln 2 indicating the Γ6 doublet as the CEF ground state.
As noted in Sec. III C, the ordered magnetic moment observed in neutron scattering of 1.78(9) µ B , is strongly reduced compared to the free-ion value of Nd 3+ of 3.62 µ B . Such a reduction of the magnetic moment is often observed in inter-metallic compounds due to crystalline electric field effects (CEF). As similar moment reduction to CEF effects was reported for CeBiPt, where the ordered moment corresponds to the magnetic moment of the Γ 8 ground state of the Ce 3+ -ion.
28,35
The effect of the CEF is to lift the 10-fold degeneracy of the J = 9 2 multiplet of the Nd 3+ -ion through an electrostatic interaction. For a Nd 3+ -ion sitting in a cubic environment, the CEF splitting is expected to result in a new ground state consisting of a Γ 6 doublet, and two quartets, Γ 
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To further investigate the conjecture that this reduction might be due to CEF, we carried out specific-heat measurements in zero field from 0.3 to 30 K. The total specific heat, C p = C el + C ph + C mag , is the sum of the electronic contribution C el = γT , the phonon contribution C ph , and the magnetic contribution C mag we are interested in. Due to the large phonon C ph and magnetic C mag contributions in the measured temperature range, we were not able to determine the electronic contribution C el and could only establish that it is below 1 mJ mol −1 K −2 . Such a low value for C el is expected due to the low carrier concentration in NdBiPt. Over the measured temperature range, C ph can be described by the equation:
where R is the universal gas constant und θ D the Debye temperature. As can be seen in Fig. 5 we observe a rather broad magnetic peak between 4.5 and 20 K, which makes it difficult to fit the phonon contribution. We instead chose to use the θ D value of 122.3 K obtained from a fit of Eq. (3) to the specific-heat data of GdBiPt, which does not have CEF splitting. 24 We then scaled the Debye temperature with the square root of the inverse mass ratio between Gd and Nd. This yields a Debye temperature of θ D = 123.7 K for NdBiPt. Fig. 5 shows the magnetic contribution C mag = C p − C ph to the specific heat C p after subtraction of the phonon contribution C ph . By integrating the magnetic specific heat C mag , we can obtain the magnetic entropy S mag = T 0 Cmag T dT associated with the CEF ground state which orders. S mag shows a plateau at about R ln 2 corresponding to a doublet ground state.
To analyze the Stark splitting of our degenerate ground state due to the crystalline electric field (CEF) we search for solutions of the perturbation Hamiltonian for an eightfold cubic symmetry. For f -electron configurations terms up to the sixth degree are sufficient: To determine the ratio between fourth and sixth degree terms, we follow the procedure laid out in Ref. [36] , and substitute O 4 = O 
where B 4 F (4) = W x, and B 6 F (6) = W (1−|x|) for −1 < x < +1. This allows us to fit to the magnetic part of the specific heat S mag for different values of x and W (see Fig. 2 in the SOM) in terms of a Schottky anomaly: 
For Nd 3+ with a J = 9/2 the 10-fold degenerate ground state is lifted into a doublet Γ 6 as the ground state and the two quadruplets Γ
(1) 8 and Γ (2) 8 , which are separated by an energy gap of ∆ 1 , and ∆ 2 , respectively. We obtain a best fit shown as the solid line in Fig. 5 for ∆ 1 = 29 K and ∆ 2 = 72 K. This allows for two solutions, one with x = −0.9650 and W/k B = 1.14 K, and the other for x = 0.140 and W/k B = 0.774 K.
Knowing the values of x and W allows us to calculate the expected magnetic moment of the Γ 6 doublet. For both solutions, this calculation yields a theoretical value of 1.83 µ B for the ordered moment, which is close to the 1.78(9) µ B obtained from neutron diffraction.
V. CONLUSIONS
We determined the magnetic structure of the semimetal NdBiPt, which crystallizes in a half-Heusler structure. Below the Néel temperature T N of 2.18 K we find an up-down structure of ferromagnetically aligned planes, in which the spin of the Nd points along the [001] direction, that alternate along the propagation vector τ = (100). This type-I structure is common for crystals belonging to the space group F43m. This opens the question why in GdBiPt, 23, 24 YbBiPt, 37 and vanadiumdoped CuMnSb 38,39 the propagation vector of the antiferromagnetic structure (AFM) points along [111] . However, the magnetic structure we found in NdBiPt excludes this material from being a candidate for the proposed new class of antiferromagnetic topological insulator (AFTI).
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In NdBiPt, the ground state is the Γ 6 CEF doublet which orders, and we find an ordered moment of 1.78(9) µ B .
